This paper describes a palaeomagnetic investigation of 107 igneous bodies, mostly basaltic lavas, of Pliocene and Pleistocene age in Iceland. A variety of conclusions has resulted from the study. Palaeomagnetic directions in lavas erupted in 1729, 1783 and 1875 do not support the postulated ' cycloid ' path for the Icelandic geomagnetic pole. Data are given for an application of geomagnetic reversal stratigraphy showing that Bering Strait opened more than 3 My ago, allowing Pacific boreal mollusks to enter Icelandic waters; these data also suggest that there were at least nine extensive glaciations since a time over 2 My ago. Lava flows erupted on Snaefellsnes Peninsula, western Iceland, contain large amounts of viscous remanent magnetization ; partial demagnetization studies reveal a predominant reversed polarity for most of these lavas with one pronounced ' excursion ' of virtual geomagnetic poles to very low latitudes. Detailed studies of a dike cutting a lava flow show that the lava's remanence is unaffected beyond one dike width from the dike contacts. Brunhes epoch paleosecular variation is consistent with a model combining a changing nondipole field like the present one with a dipole wobble of about 11".
Introduction
This report describes palaeomagnetic results derived from a collection of more than 800 samples obtained in 1964 from 107 igneous bodies (primarily basaltic lava flows) in Iceland. There were three primary objectives for this study: (1) to obtain further radiometric-polarity data to refine the then existent reversal time scale (Cox, Doell & Dalrymple 1964) , (2) to use existing knowledge of the geomagnetic polarity reversal sequence to ' date ' the first appearance of boreal mollusks in Icelandic waters, and hence, the opening of Bering Strait (Einarsson, Hopkins & Doell 1967) , and (3) to obtain a high northern latitude paleosecular variation value for the Brunhes normal polarity epoch (i.e. the last 0-7 My) to test geomagnetic secular variation models (Cox 1970) .
Hospers (1953) (1954) published the first extensive paleomagnetic study of Icelandic lavas, ranging in age from Tertiary to historic. Many other studies subsequently have appeared (Brynjhlfsson 1957; Sigurgeirsson 1957; Einarsson 1957 Einarsson , 1962 Wensink 1964a, b; Dagley et al. 1967) so that the Icelandic volcanics have yielded a rather large amount of palaeomagnetic data. The present results duplicate some of the previous studies, supplement others, and also have yielded some new information.
The general locations of sample sites for this study are shown on some stratigraphic and paleontologic control were available for realizing the objectives mentioned above. The collections from historically erupted and other miscellaneous lavas were obtained over most of the area of Pliocene and Pleistocene volcanism on Iceland. No effort was made to collect from the thick Tertiary sequences exposed to the east and west of the central zone of more recent volcanic activity.
Experimental procedures
Samples used in this study were 2.5-cm diameter cores about 5-15 cm long drilled in situ and oriented in geographical coordinates before removal from the outcrop (Doell & Cox 1967a) . For the most part, eight cores spread over lateral distances of several tens of meters were drilled from each lava flow so as to get as representative a palaeomagnetic determination from the entire flow as possible. Details of the location of each lava flow sampled, along with maximum lateral separations of individual cores, are given in the Appendix.
In the laboratory, specimens 2-3 cm long were cut from each core, and subsequently measured for natural remanent magnetization (NRM) using spinner-type magnetometers (Doell & Cox 1965a) . One or more specimens from each lava flow were later progressively demagnetized using alternating field (AF) demagnetization with peak field strengths of 25, 50, 100, 200, 400 and 800 Oe. In some cases, the rocks No pattern, lava flows from Snaefellsnes Peninsula; medium pattern, Tjornes Peninsula lava flows; heavy pattern, historic and miscellaneous lava flows.
would not withstand treatment at the higher field strengths (Doell & Cox 1967b) , and the demagnetization treatments were terminated below the highest values cited above. The results of these AF demagnetization treatments have been summarized in Fig. 2 . As might be expected from this rather heterogeneous collection of lava flows, the stability against AF demagnetization varied rather widely. Moreover, some of the lavas possessed relatively large amounts of viscous remanent magnetization or isothermal remanent magnetization which was generally removed by the AF treatments. Thus, the values of NRM and RM remaining after AF treatment in low fields shown in Fig. 2 are not entirely due to thermoremanent magnetization (TRM). Nonetheless, it appears from the AF demagnetization studies that the majority of the lavas possess natural thermoremanent magnetizations of the order of Peak AF field strengths for magnetic cleaning of all samples from a given lava flow were chosen on the basis of the scatter in NRM directions and the behaviour of selected samples during progressive AF demagnetization. In several cases additional cleaning of a given lava flow was carried out if it appeared that this might decrease scatter. It has been our experience that inherent scatter in lava flows can generally be described by precision parameters, k (Fisher 1953) of several hundred (Doell & Cox 1963 , 1965b Doell 1969 Doell , 1970 . (In this paper k, will be used to denote the value of k after AF cleaning.) Thus, in the laboratory studies of the Icelandic lava flows, AF magnetic cleaning was often repeated using higher fields to obtain k, values greater than 100 if possible. The palaeomagnetic data obtained from these studies are given in Tables 1, 2 and 3. In some instances not all samples collected from a given flow were used in the analysis, and this is indicated in the tables for individual lavas. Less than one-half per cent of the 833 samples collected were removed from analysis, and these exclusions were made in such a manner that the average direction cited for each lava in Tables 1, 2 and 3 is most probably that of the original TRM (Doell 1970) . For one lava flow sampled (136) no original TRM direction could be determined from the eight cores collected.
The directions cited in Tables 1 , 2 and 3 are taken as thebestestimatesof theancient geomagnetic field directions at the time and place of cooling of the lava. The precision with which these directions has been determined is given either by the angular standard emu ~m -~. I107  I106  I105  I104  I103  I102  I101  I100  I99  I98  I97  I96  I95  I94  I93  I92  I91*  I90  I89  I88  I87  I86  I85  I84  183  I82  I81  I80 deviation or the 95-per-cent-confidence semiangle aB5 (Fisher 1953) . The overall precision of the data is summarized in Fig. 3 by means of a histogram of the flowaverage ag5 values. At the 95-per-cent-confidence level, most of the directions are defined within a cone of 5-6" radius, which is relatively small with respect to the average angles between flow mean directions.
Discussion of results
In addition to the reversal time scale attempts and to the palaeomagnetic study of Tjornes Peninsula lava flows that was undertaken primarily for stratigraphic correlation purposes (Einarsson et al. 1967) , several other results were also obtained from these Icelandic collections. These are based on (1) a few collections from historically erupted lava flows made to supplement the earlier work of Brynjblfsson (1957) and Hospers (1953 Hospers ( -1954 ; (2) some resampling of sections on Snaefellsnes Peninsula, originally measured by Hospers (1953 Hospers ( -1954 ; (3) detailed sampling of a lava flow near a cross-cutting dike; and (4) additional collections of Brunhes polarity epoch lavas to obtain values for paleosecular variation in Iceland.
Lava flows erupted in historic times
Collections were made from lava flows erupted in 1729, 1783, 1875, 1921, and 1961 (unit numbers I 103 to I 107 (Table 1) reported on palaeomagnetic studies of lavas with ages of 1300, 1389,1554,1786, and 1843 A.D., and he drew a virtual polar path from these data that suggested a ' cycloidal ' motion to Kawai, Hirooka & Sasajima (1965) . The present collections were made in an attempt to add more detail to this path. The VGPs from these data are shown with those previously reported by Brynj6lfsson along with data from Hospers (1953 Hospers ( -1954 in Fig. 4 . It can be seen that the new data do not add much detail (or confirmation) to the path suggested by Brynjblfsson. It must also be noted that the data for the flows erupted in 1961 and 1921 yield VGPs quite removed from the VGP for Iceland during this century (which has had a position close to that shown for 1965). There are three possible reasons for this discrepancy that warrant discussion. First, over the distance spanned by the samples (46 m for the 1961 lava and 52 m for the 1921 lava) there may have existed uniform anomalies over these distances that deflected the local field some 10" away from the regional field direction. Both of these lavas were sampled in or near the summit crater of Askja Volcano where such anomalies might be expected (Decker 1963) . During the procedure used for geographically orienting samples, the angle between the regional magnetic declination and the local declination about 10-20 cm above each sample core was measured (Doell & Cox 1963) ; for the eight samples from the 1961 lava this mean declination deviation is only 3.1", but for the 1921 lava the mean of the eight measured declination deviations is 15.2". However, as may be seen from the location of the VGPs with respect to Iceland in Fig. 4 , the displacements away from the true VGP are caused by shallowing of inclination, rather than changes in declination, and present inclination anomalies are not known. Local anomalies over the distances spanned by the samples, if they existed, were therefore quite different before cooling of these lavas than at present. A second possibility is that there was tilting of the surface and edges (which were the only portions available for sampling) of these two flows after the magnetization had been acquired. This has not been observed before (Doell & Cox 1963) ; moreover, the lavas are no more than 1-2 m thick where sampled, and it is unlikely that a portion of the flow 50 m long could have been uniformly tilted 10" without introducing considerably more core-tocore scatter in directions than was observed (Table 1) . A third possibility might be that the RM acquired by these lavas was not parallel to the ambient field at the time they cooled. Again, this would be contrary to previous paleomagnetic results from lavas erupted during times when the direction of the regional geomagnetic field was known from direct measurements (Doell & Cox 1963) .
The most likely cause of the discrepancies for the 1921 and 1961 VGPs therefore appears to be due to the ' local ' anomalies associated with the summit region of Askja Volcano. The results of Hospers (1953 Hospers ( -1954 for the 1913 and 1947-48 lavas also yield VGPs far from the expected positions and this may likewise be due to close proximity to a volcano summit-in this latter case, that of Mount Hekla. (Mean directions, from which the VGPs attributed to Hospers were determined, were calculated from data scaled from Fig. 2 of Hospers (1953 -1954 ) using Fisher's (1953 statistical methods. Ninety-five per cent confidence limits for the 1913 and 1947-48 directions were less than 10" whereas the others exceed 18" and are marked with a question mark in Fig. 4 .) The other historic results reported here from lavas erupted in 1729, 1783 and 1875, were all collected on the flanks of volcanoes, well removed from possible summit anomalies. They therefore should not be in error as are the summit lavas of 1921 and 1961. The VGPs for these lavas are in the same general region as reported by Brynjblfsson for 1786 and 1843, but they fall rather farther from the appropriate positions on the ' cycloid ' path than could be attributed to experimental error. It seems that virtual polar movement in Iceland during these times may have been different or more complicated than previously suggested (Brynj6lfsson 1957 ; Kawai et al. 1965) . However, more data would be desirable before definitive statements could be made concerning geomagnetic field behaviour in Iceland during the last several centuries.
Tjornes Peninsula lava flows
The polarity and stratigraphic relationships of the lava flows studied on Tjornes Peninsula have been discussed previously (Einarsson et al. 1967) and are summarized in Fig. 5 . These data provided evidence that the first appearance of Pacific boreal mollusks in Icelandic waters took place more than 3 My ago, suggesting that this was the first opening of Bering Strait. The data also were used to show that there were at least nine extensive glaciations, separated by lengthy non-glacial intervals, that probably commenced over 2 My ago. Wensink (1964a~ has reported similar evidence from other sequences in eastern Iceland. Here, we wish only to give details of the palaeomagnetic data ( Table 2 ) and to include them in the overall analyses for palaeosecular variation given below. A few other comments are also appropriate. From the Appendix, it may be noted that it was not possible to distinguish, geologically, whether the following pairs of sampling sites consisted of different lava flows or the same lava flow : 142-143,146-147,148-149  or 150, 152-153, 164-165, and 172-173 . From the data given in Table 2 it is quite likely that sites I42 and I43 sampled the same lava since both produce nearly the same rather unusual direction. I46 and I47 could be the same, but need not be. All of the other site pairs consist of distinct lavas since the corresponding directions are significantly different from each other ( Table 2) .
The five lava flows I39 through I43 are taken to represent the Mammoth event within the Gauss normal polarity epoch (Einarsson et al. 1967) . From Fig. 5 it is clear, however, that most of the VGPs calculated from these data fall in rather low latitudes-I40 being essentially on the equator-and are best described as ' intermediate ' (with the exception of 141). There is no apparent relationship in directions going from one flow to another: the flows I39 and 142-143 have similar directions,but the intervening flows have directions far removed from these and from each other. As mentioned above, I42 and I43 are probably collections from the same lava, but no reason why I39 has such a similar unusual direction is apparent.
Snaefellsnes Peninsula lava flows
As mentioned earlier, the primary purpose of recollecting the sites visited by Hospers (1953-1954) on Snaefellsnes Peninsula was to add data to the geomagnetic polarity epoch time scale; this was not realized because no lavas from this area were found to be suitable for age determinations (Dalrymple & Lanphere 1969) . Some of the palaeomagnetic results are of interest by themselves, however.
As a preliminary to collecting in this area, a number of lava flows on Stod were tested for polarity using field methods (Doell & Cox 1967~ ). The results of these studies are indicated on the map on Fig. 6 . Like Hospers (Fig. 2 1954)), we found normal polarity below the lower sediment exposed on Stod, whereas all the lavas younger than the sediments were reversely magnetized. Eight lavas above the sediments and three lavas below were also cored for later more detailed laboratory studies. Upon partial demagnetization, all of the older flows became reversely magnetized (Table 3 ), indicating that the normal NRM directions measured in the field were due to a viscous remanent magnetization (VRM) larger than the original reversed TRM. We do not know, of course, whether all of the lavas exposed below the sediments on Stod have original reversed TRM, but it should be assumed that they do until AF demagnetization studies can be performed on those indicating a normal total NRM. In the section exposed at Bulandsgil, Hospers (1953 -1954 found a section of normally magnetized lavas overlying a reversely magnetized section, with the change in polarity occurring at an elevation of about 65 m. We sampled 17 superposed lava flows at this locality spanning the reversed-to-normal transition of Hospers. Field measurements of NRM in our samples generally agreed with Hospers' results, but upon partial demagnetization we found that all of the lavas possessing normal NRM had either reversed or ' intermediate ' original TRM. The data are given in Table 3 , and a plot of the corresponding VGPs is shown in Fig. 7 . During extrusion of flows I8 through 116, there was very little apparent change in the geomagnetic field direction (suggesting rapid accumulation of these lavas). However, during extrusion of the following eight lavas, the field undertook a marked excursion, with corresponding VGPs reaching very low latitudes. This might be due to a large changing nondipole component (large relative to the dipole field) or to marked changes in the orientation of the main geomagnetic dipole. From these data alone it is not possible to choose which of these two alternatives is most likely. As may be noted in Table 3 , different amounts of AF field were needed to magnetically clean the Bulandsgil samples, making it difficult to compare intensities of original TRM from one lava to another. However, there may be a difference in mean intensities of magnetization between the group I8 through I16 and those with low latitude VGPs. The mean intensity for the seven lavas demagnetized at 100 Oersteds in the older group is 1.63i-O-38 (s.d.) emu ~m -~, whereas that for four similarly demagnetized flows in the younger group is 1 -07 f0.03 emu cm3. If this difference implies different geomagnetic paleointensities, then it may be inferred that the ' excursion ' is due to a lessening of the main dipole strength and hence a larger non-dipole to dipole moment ratio during the interval in question. It is worth noting that Hospers (1953 Hospers ( -1954 carried out his studies without the aid of partial demagnetization treatments to magnetically clean the samples, and thus he could not have been aware of the large amounts of VRM carried by some of the Snaefellsnes lavas. Magnetic polarity measured in the field has also been used for magnetic mapping and stratigraphic correlation in Iceland (Einarsson 1957 (Einarsson , 1962 . It can be expected that the bulk of these studies have yielded the correct polarity. On the other hand, if there is any doubt about a given study, such as those on Snaefellsnes, their reliability should be checked by partial demagnetization.
Hospers (1953) (1954) and Einarsson (1957 Einarsson ( , 1962 generally separate a lower Tertiary sequence of lavas and an upper Quaternary sequence on Snaefellsnes at the sediments here informally referred to as the Bdlandsgil sediments. There seems little doubt that the reversed lavas above the Bdlandsgil beds were extruded during the Matuyama reversed polarity epoch. However, in view of the AF demagnetization results on the lower sequence, which changed an apparent normal polarity to a reversed polarity, it may be that at least some of the lavas below the Bdlandsgil beds were also extruded during the Matuyama epoch. It should be pointed out that an unconformity below the Bdlandsgil sediments has been recognized by Einarsson (1962) and assumed to indicate a substantial time break (the normal lavas farther west at Miifalid and also below the Bulandsgil sediments must clearly precede the Matuyama epoch, for example). However, there are also unconformities and sediment beds higher in the sequence, so that such features may not everywhere indicate substantial time breaks in this tectonically active area.
For the palaeomagnetic and variance analyses discussed later, Hospers' and Einarsson's interpretation is followed, and all lavas below the Bdlandsgil sediments are assumed to be pre-Matuyama epoch, even though this may not be entirely correct.
Effects of reheating by dikes
When field polarity measurements were made at site I26 on Stod, it appeared that a reversely magnetized dike system had cut across normally magnetized lava flows. This seemed to be an ideal situation in which to test the effects of reheating by dikes on an original TRM, and a large number of samples was drilled from two branches of a dike cutting a single lava flow and from the flow. As noted above, it turned out that the normal NRM of the Stod lavas was due to a predominant VRM and that the original TRM is reversed. Thus the situation is not as ideal as first appeared; however, there seems to have been a difference of about 20" in the field direction between the times of cooling of the lava flow and dikes, and some effects were noted. Flow samples more distant than 1 m from the dike have RM directions with declina- tions to the southwest and negative inclinations near 80" to 90". Declinations of dike samples are typically to the southeast with negative inclinations near 75". The overall mean direction for the lava flow (+ in Fig. 8 ) was determined from all samples one or more metres distant from the dike contacts, and that for the dike (X) from all sample directions in diagrams (b) and (d) of Fig. 8 except for the two samples in the south-western quadrant of (d) which were excluded from the determination for the mean.
For the left (NW) portion of the flow (a), 10 samples 70cm or more from the contact have a mean direction not significantly different from the overall flow mean direction. Three samples essentially adjacent to the contact have directions very close to the dike mean direction, and thus appear to have been reheated above their Curie points. A study of diagrams (c) and (e) of Fig. 8 suggests that samples more than 40 to 60 cm from the contacts have directions that are little affected by reheating from the dike, and that only within about 10 cm of the dike is the lava flow completely remagnetized by reheating. In diagram (c) the 95 per cent confidence circle was calculated excluding samples within 15 cm of the contact; in diagram (e) the ' unaffected ' 95 per cent confidence circle was calculated excluding samples within 36 cm of the dike, and the ' completely affected ' circle was based on samples within 8 cm of the contact.
These kinds of effects could certainly be more precisely determined in situations where the lava flow and dike have opposing polarities. However, this study does indicate that the effects of dike reheating are not great. It is safe to conclude that RM directions of lava flow samples collected more than one dike width away from dike contacts should be unaffected by reheating due to dike intrusion. 
Paleosecular variation
The general paleomagnetic results obtained from the present collection of Icelandic lava flows are given in Table 4 . The analyses have been made, using Fisher's (1953) methods, on RM directions and corresponding VGPs for Brunhes age lavas, Matuyama age lavas, and pre-Matuyama age lavas. The 95 per cent confidence limit for the mean of the 28 Brunhes age VGPs includes the present geographic pole, but those for the older two groups do not. However, the Matuyama and preMatuyama mean VGPs fall on opposite sides of the geographic pole so that if all data are combined, the resulting overall mean VGP is very close to the axis of rotation. For reasons discussed below, all flow-average data yielding VGPs with latitudes less than 46" have been excluded from these analyses.
Of more interest here is the angular dispersion in these data groups expressed by the values in the last two columns of Table 4 . Before these can be interpreted directly as measures of ancient geomagnetic secular variation, it is necessary to remove the contributions due to experimental errors and to possible ancient local anomalies. These further analyses have been summarized in Table 5 -again for both RM directions and VGPs for the three different age groups. Standard analysis of variance methods, including the ' 2-level ' methods of Watson & Irving (1957) were used. The same procedures were used previously (Doell 1970) and are described in detail there. The value to be used for dispersion due to ancient local anomalies is not known and a value of 16" (referred to directions), calculated for Hawaii (Doell & Cox 1963) , was used to reduce the between-flow values (subscript B) to ancient field or VGP values (subscript F). This value may be lower than appropriate for Iceland because the geomagnetic field strength, which, in part, induces the anomalies, is less in Hawaii than in Iceland. However, even if the value is doubled it will not change the final values in Table 5 by any meaningful amount. Palaeosecular variation in Iceland, as expressed by the angular standard deviations and precision parameters given in Table 5 , is of little interest until compared with similar data from other localities. There are various ways of making these comparisons, and these have been discussed in detail elsewhere (Cox 1962; Creer 1962; Cox 1970) . Detailed reasons for using the angular standard deviation of VGPs about the geographic axis as the most convenient measure of palaeosecular variation for more recent time periods have been given previously (Doell 1970) . The main reason for using angular variance of VGPs rather than RM directions is that the contribu- tion due to wobble of the main dipole is constant over the entire earth. Thus the difference in values of SF from area to area is a direct measure of the difference in paleosecular variation due to nondipole field changes. Furthermore, the lowest value of SF observed anywhere over the entire earth for a given time interval is the maximum contribution due to dipole wobble for the entire earth. The reasons for calculating variances about the rotation pole rather than about VGP mean positions is partly that most paleomagnetic studies (Irving 1964; Cox & Doell 1960) yield VGPs not significantly different from this pole and because rotation effects play a prominent role in geomagnetic theory. Finally, pronounced but very rare excursions of the main dipole to low latitudes (Doell & Cox, in press ) cause large contributions to angular variance when they occur in a set of data. For this, and other reasons, it has proven expedient to exclude from analysis all data with VGPs whose latitudes are less than 46" (Doell & Cox, in press ). Data with flow-average values of aes >9" have also been removed from analyses. Thus, the second group of values of SF in Table 5 , for the three different time periods, are the measures of paleosecular variation used here; the other measures are given for the use of those persons preferring them.
With these comments, the angular variances observed in the Icelandic lavas can be compared with those observed elsewhere. For Brunhes age lavas, this has been done in Fig. 9 . Also shown are theoretical curves of angular variance versus latitude for a simple dipole wobble, for a simple rotation of the present non-dipole field about the geographic axis, and for a combination of these two (Cox 1970) . The value of variance observed at Hawaii, ll", is taken as the contribution due to dipole wobble since there are reasons for thinking that the non-dipole field has been essentially absent in the Central Pacific during the Brunhes polarity epoch (Doell & Cox 1971 , and in press). Ninety-five per cent confidence limits about the mean Icelandic SF = 16.4" are 19.9" and 13.8" and were calculated using Cox's (1969) methods. As can be seen, these limits include the model of secular variation due to a combination of dipole wobble and a changing non-dipole field with characteristics similar to the present non-dipole field. The limits also include the model without dipole wobble. However, the other available data do not, so that models combining dipole wobble and non-dipole field changes are preferred.
The mean angular variances for the Icelandic Matuyama and pre-Matuyama age lava flows are higher than those for the Brunhes age lavas (Table 5) , although the difference is not significant at the 95 per cent confidence level. (The ratio for the Matuyama variance to the Brunhes variance is 1.70, whereas the appropriate F-test ratio is F0.025 (27, 27) = 2.16.) In a similar study of lavas from the Massif Central of France (Doell 1969 ), a variance of 15.2" was found for 31 Brunhes age lavas and a value of 23.2" was obtained from 10 pre-Brunhes age lavas. Again, the older group has a larger palaeosecular variation, but the difference is not significant at a 95 per cent confidence level. 
